and decreased self-di↵usivity in the multilayer-formation regime but has little e↵ect on the properties within film-formation and pore-filling regimes. We also find that weakly attractive adsorbents, which do not display distinct multilayer formation, are hard-sphere-like at super-and subcritical temperatures. In this case, the self-di↵usivity of the confined and bulk fluid has a nearly identical scaling-relationship with e↵ective density.
Introduction
The adsorption of light gases by porous materials plays an important role in a wide array of technologies. [1] [2] [3] [4] [5] The measurement of single-component adsorption thermodynamic properties is well-developed, and these measurements can in turn be used to infer the underlying adsorbent (solid) structure and adsorbate-adsorbent (fluid-solid) interactions by utilizing well developed heuristics based on the form of the adsorption isotherm. 6, 7 While such thermodynamic information is critical to determining a material's adsorptive characteristics, the dynamic properties of the confined fluid, such as di↵usion, also impact performance. Although not as well studied as thermodynamic properties, dynamic properties in adsorptive systems have received recent attention. [8] [9] [10] Examples include studies of selfdi↵usivity in porous adsorbents, 9, 11, 12 and simulation of self-di↵usivity and development of simplified molecular models of intrapore transport. [13] [14] [15] Other work has investigated transport di↵usivity in the Fickian sense 16 and explored nonequilibrium adsorption hysteresis related to intrapore di↵usion. 17, 18 Theoretical research has examined the dynamics of pore filling, capillary condensation, cavitation, and pore-network e↵ects using dynamic lattice fluid models. [19] [20] [21] [22] Despite the insights provided by some of these studies, reliable means for predicting and even estimating confined-fluid dynamics remain lacking. While most studies focus separately on thermodynamic and dynamic aspects of fluid behavior in confinement, the connection between the thermodynamics of confined fluids and the corresponding dynamic properties remains a comparatively open topic of investigation. As noted earlier, pure-component adsorption isotherms can be used to infer underlying adsorbent pore structure and adsorbent-adsorbate interactions. Using exhaustive molecular simulation data, we further show in this paper that they can also be used to infer information about the selfdi↵usivity of confined fluids.
We recently 23 investigated the link between adsorptive thermodynamic properties and confined-fluid mobility in strongly attractive materials. We found that the adsorption isotherms in these systems can be used to classify distinct di↵usivity regimes. Specifically, at temperatures below the bulk critical temperature, three distinct adsorptive regimes are observed in pores with strong fluid-solid interactions:
Film formation occurs at low pressures, where the adsorbate loading (or confined-fluid density, ⇢) rapidly increases with applied pressure. Fluid molecules are located in a single layer adjacent to the pore wall.
Multilayer formation occurs at moderate pressures below the capillary condensation pressure, where ⇢ increases more slowly than in film formation. Fluid molecules sequentially occupy positions interior to the film layer (i.e., particles fill the second, then third, etc., layers).
Pore filling occurs at high pressure above the capillary condensation pressure, where ⇢ increases slowly with applied pressure. The pore is e↵ectively saturated and added particles occupy positions throughout the pore.
We observed that, in strongly attractive pores, three distinct di↵usivity regimes also emerge:
Di↵usivity regime 1 (DR1) occurs at low ⇢, where self-di↵usivity (D) rapidly decreases with increasing ⇢.
Di↵usivity regime 2 (DR2) occurs at moderate ⇢, where D is approximately constant with respect to ⇢ Di↵usivity regime 3 (DR3) occurs at high ⇢, where D decreases with increasing ⇢ It was shown that these three di↵usivity regimes directly correspond to the three adsorptive regimes. That is, DR1 corresponds to film formation, DR2 corresponds to multilayer formation, and DR3 corresponds to pore filling. Therefore, the isotherm can be used to infer at least the qualitative behavior of the adsorbed fluid's di↵usivity.
In this paper, we address an open question from ref. 23 : How do the details of the fluid-fluid and fluid-solid interactions impact the connection between adsorptive regimes and di↵usivity regimes? To address this question, we investigate two key parameters: the fluid-fluid interaction range and the fluid-solid interaction strength. The paper is organized as follows. In section 2 we present the simulation methods and model fluid and adsorbents used. Section 3 presents the results of our simulations and discusses the relationship between intrapore self-di↵usivity and adsorption thermodynamics. Finally, in section 4, we summarize our key findings.
2 Theoretical Methods
Adsorbate Model
We use molecular simulations to investigate the properties of argon (Ar) fluid adsorbed into several adsorbents. The argon fluid is modeled using the Lennard-Jones (LJ) potential, truncated by a linear force shift at the cuto↵ distance r cut :
where
Numerical values of and ✏ for argon are provided in Table 1 . For simplicity, these values, as well as the mass of an argon atom m, are used to nondimensionalize our results. The values of fluid-fluid (or adsorbate-adsorbate) cuto↵ r cut will be one of r cut / = 2.5, 4.0, or 6.0. Note that this parameter controls the range of the fluid-fluid interaction. For the sake of brevity, we use the term cuto↵ (or r cut ) to refer to the fluid-fluid interaction range.
Adsorbent Models

Strongly Attractive Adsorbent
Following ref. 23 , we model the adsorption of argon into multiwall carbon nanotube (CNT) using the cylindrical Steele 10-4-3 potential. 24 We refer to this system as a strongly attractive adsorbent because the fluid-solid interaction strength is very attractive, as will be shown later. Parameters for the fluid-fluid and fluid-solid interaction are given in Table 1 . In this pore, cuto↵ values of r cut = 2.5 and 6.0 were investigated. The former value was also used in ref. 23 and provides continuity with the present work.
Weakly Attractive Adsorbent
For a weakly attractive system, we have chosen a model which mimics argon adsorption in a cylindrical pore bored out of solid carbon dioxide (CO2). The e↵ective fluid-wall interactions are modeled using a cylindrical 9-3 potential, 25 given as
where 2 F 1 is the hypergeometric function. For this adsorbent, we investigated a single cuto↵ value r cut = 4.0 . The fluid-solid interaction parameters are given in Table 1 . 
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⇢ S is the density of the Carbon or CO2, and is the spacing between graphite basal layers used in the 10 4 3 CNT potential. Cross interaction parameters were derived via Lorentz-Berthelot mixing rules. Table 2 . 32 Note that when referring to super-or subcritical temperatures later, we always mean relative to the bulk critical temperature. The adsorbate loading, or pore-average fluid density ⇢, is defined in terms of the pore-size parameter R as ⇢ = N/(⇡R 2 L), where N is the number of particles, and L is the axial dimension of the cylindrical pores. 
Simulation Methods
We employed the same simulation techniques as in ref. 23 and thus do not restate the details here. In short, molecular dynamics (MD) simulations were used to determine the poreaverage self-di↵usivity in the axial z directions, D z , and grand-canonical Transition-Matrix Monte Carlo (TMMC) simulations were used to determine thermodynamic properties, such as the adsorption isotherm and isosteric heat of adsorption. 33 Bulk MD and TMMC simulations were also carried out on the LJ fluid (Eqs. (1) and (2)) for the various values of r cut considered. Note that for the case of r cut = 6.0, bulk thermodynamic properties came from TMMC simulations performed on a system truncated at 3.0 with analytic long-range corrections. We therefore need a definition of e↵ective pore size. First consider the e↵ective fluid particle diameter, defined using the Barker-Henderson construct:
where V rep ↵ (r) is the repulsive part of the fluid-fluid potential. 36 We likewise empirically define the temperature-dependent Barker-Henderson pore radius as
where V rep fs (r) is the repulsive part of the fluid-solid potential, following the Weeks-ChandlerAnderson decomposition.
36
We define the "available" density as
, and the "e↵ective" in the CNT adsorbent compared to the CO2 adsorbent. This is why we refer to the CNT system as strongly attractive and the CO2 system as weakly attractive. Table 2 ), the temperature relative to the bulk critical temperature T /T c is decreased by increasing the cuto↵ at fixed T . Therefore, one can view the di↵erences in Fig. 2 as resulting from, e↵ectively, lowering temperature. profiles between the two systems at a given pore loading, shown in Fig. 3c . There are no di↵erences in the density profiles at low loading, but di↵erences do emerge at high loading.
In the film-formation regime (⇢ 3 < 0.2), where particles are predominately in the layer adjacent to the solid surface, there is very little di↵erence in fluid structure between the two systems. This is expected, as in this regime the fluid-solid interaction controls the fluid properties, and hence the cuto↵ has little impact. However, as subsequent layers are formed in the multilayer-formation regime (⇢ 3 > 0.2), we observe progressively larger di↵erences in fluid structure between the cuto↵s. Specifically, the maximum value of the density profile in the second layer increases with cuto↵. As the loading is further increased (⇢ 3 > 0.4) similar di↵erences are displayed in the third layer. Therefore, increasing the cuto↵ enhances layering, in the sense that the density of the individual layers is increased. These e↵ects are consistent with the fact that increasing the cuto↵ has a similar e↵ect on fluid structure as lowering temperature. Finally, in the high loading pore-filling regime (⇢ 3 = 0.72), the di↵erence in fluid structure between the two systems is negligible. Therefore, di↵erences in the fluid structure as a function of cuto↵ only appear in the multilayer-formation regime.
At supercritical temperatures, where properties are predominately dependent on the fluid-fluid repulsion and the fluid-solid interaction, we expect that the cuto↵ will have a minimal impact on the resulting fluid structure. Moreover, since there is no multilayer formation at supercritical temperatures, our earlier observations also suggest that fluid-fluid interaction range will have no appreciable impact under these conditions. This is indeed the case at k B T /✏ = 1.5, where the density profiles are nearly identical in the CNT [2.5] and CNT[6.0] systems (See Supporting Information Fig. S-2) . Therefore, di↵erences in fluid structure arising from the cuto↵ value are very small in the film-formation and pore-filling regimes, and are apparent only in the multilayer-formation regime. It is now interesting to investigate the impact of the fluid-fluid interaction range on energetic properties. Figure 4 displays the components of the potential energy per particle in the CNT [2.5] and CNT [6. 0] systems at R/ = 7.77. Regardless of temperature, the fluid-fluid potential energy is enhanced (i.e., is more negative) by increasing the cuto↵. On the other hand, the fluid-solid potential energy is nearly identical between the two systems, emphasizing that the strong fluid-solid interaction dominates the film-layer. Therefore, the observed di↵erences in the total potential energy per particle are due entirely to the di↵er-ences in cuto↵ value. What is interesting is that the di↵erence in potential energy increases monotonically with adsorbate loading. This is in contrast to the nonmonotonic di↵erence in structure noted earlier, which is small in the low loading film-formation regime, large in the moderate loading subcritical multilayer-formation regime, and small again in the high loading pore-filling regime. Given this contrast, it is now interesting to investigate how dynamic properties are a↵ected by fluid-fluid interaction range. , and DR3 (see Section 1) at subcritical temperatures. In the low loading DR1, the self-di↵usivity depends entirely on the film density. 23 As noted earlier, the film density is insensitive to r cut , and we therefore expect the self-di↵usivity to likewise be insensitive to cuto↵ value and Figs. 5b, d, and f shows this to be the case. Following similar arguments and as previously hypothesized in Ref. 23 , in the high loading DR3 the self-di↵usivity should depend primarily on the packing structure in the pore. As noted earlier, since fluid structure at high loading depends weakly on cuto↵ , we expect that the self-di↵usivity should also depend weakly on cuto↵ in DR3. Indeed, Fig. 5 shows that this is the case.
At moderate loading and subcritical temperature, we observe that the self-di↵usivity is nearly constant, consistent with the previously defined DR2. However, we see that di↵erences in self-di↵usivity arise from the cuto↵ value. As observed earlier, di↵erences in fluid structure arising from r cut are most pronounced in the multilayer-formation regime, where the interior layering is enhanced as r cut is increased. In Figs. 5b, d , and f, we see that increasing r cut decreases the self-di↵usivity in DR2. We hypothesize that the enhanced layering due to increasing r cut leads to greater frustration in the layers, which in turn leads to decreased particle mobility. Whereas the quantitative values of self-di↵usivity depend on the cuto↵, especially in the multilayer-formation regime, the qualitative nature of self-di↵usivity does not. We therefore expect the general conclusions of Ref. 23 , namely that there is a direct correspondence between di↵usivity regimes and adsorption regimes.
To test this, we compare the locations of the transitions between di↵usivity regimes to those between the adsorptive regimes in the same manner as Ref. 23 . The transition between the film-formation and the multilayer-formation regimes is defined as the location of the last clearly defined maxima in the isosteric heat of adsorption Q st at low density. 37, 38 We define the transition to pore filling as the point where the density profile at the center of the pore (⇢(r = 0)) begins to rapidly increase. Figure 6 compares the transitions between adsorptive regimes and the transitions between di↵usivity regimes. We clearly see that DR1 corresponds to film formation, DR2 corresponds to multilayer formation, and that DR3 corresponds to pore filling. Moreover, this correspondence holds at supercritical temperatures as well (See Supporting Information Fig. S-3 ). Even in the absence of multilayer formation and DR2
regimes under these conditions, we again observe that DR1 corresponds to film formation, and that DR3 corresponds to pore filling. These results show that minor changes to the underlying fluid do not qualitatively change the di↵usive characteristics in strongly attractive adsorbents. 
Weakly attractive adsorbent
While the previous subsection focused on strongly attractive adsorbents, we now examine whether the connection between di↵usivity and adsorptive regimes holds in weakly attractive adsorbents. These structural di↵erences suggest that the weakly attractive CO2 adsorbent is funda- enhanced film density compared to the purely repulsive hard-sphere system. However, at high loading, the structure in the two systems is very similar regardless of temperature, sug- On the other hand, at low loading, the fluid structure of argon in CO2 pores lies somewhere between that of hard spheres in purely repulsive hard-wall pores, and that of argon in strongly attractive CNT pores. By this we mean that, at low densities, although the fluid layering near the fluid-solid interface in CO2 pores is less pronounced than in CNT pores, (Fig. 8 and Supporting Information Fig. S-5) , it is more pronounced than hard spheres in hard-wall pores (Fig. 9) . We also compared the fraction of particles in the pore that could be found in the fluid layer adjacent to the solid surface, which we denote as 1 sphere system. Therefore, at low loading, the layer adjacent to the solid surface is enhanced in the CO2 system relative to a purely repulsive system, and this enhancement grows with decreasing temperature behaving like the CNT system in this respect. and CNT [6.0] systems. The fluid-wall potential energy is, of course, significantly di↵erent in the two systems. In particular, we see that the fluid-wall potential energy is a weak function of loading in the CO2 system. Thus, this contribution to the total potential energy plays a diminished role in the CO2 system compared to in the CNT system. We note that the isosteric heat of adsorption in the CO2[4.0] system (see Supporting Information Fig. S-8) likewise does not show a local maximum over the range of state points investigated, which is indicative of a transition from film formation to multilayer formation or pore filling.
Therefore, because the usual thermodynamic signatures of film formation, such as a rapid increase in loading at low applied pressure, and a maximum in the isosteric heat of adorption, are not present, we cannot say that there is a true film formation regime in the CO2 pores. However, we clearly observe that the density of the fluid layer adjacent to the solid surface is enhanced in the CO2 system relative to hard spheres in hard-wall pores (see Fig. 9 and Supporting Information Fig. S-7) . Thus, we term the moderate density enhancement observed in the weakly attractive CO2 system as weak film-formation to di↵erentiate it from the more dramatic density enhancement associated with true film formation observed in the strongly attractive CNT system. Moreover, as noted earlier, the CO2 system does not display multilayer-formation regime. This is expected, as systems which display multilayer formation also display thermodynamic signatures of film formation, which is lacking in the CO2 system.
Given the earlier noted di↵erences in energetic and and structural characteristics between the CO2[4.0] and the CNT adsorbents, it is interesting to contrast the argon self-di↵usivities in these systems. Figure 11 displays the self-di↵usivities in CO2[4.0] pores as a function of e↵ective density. We see that the self-di↵usivity is very normal, in the sense that it behaves similar to what one would expect for a simple bulk fluid: an initial rapid decrease in self-di↵usivity at low densities, an exponential decrease in self-di↵usivity at moderate densities, and a rapid decrease in self-di↵usivity at high densities. This suggests that, at least qualitatively, we can identify the di↵usivity regimes 1 and 3 (DR1 and DR3). Notice that there is no region of nearly constant di↵usivity indicative of DR2. Note that the e↵ective density (See Section 2.5) puts the two systems on equal footing. At the supercritical temperature of k B T /✏ = 1.5 (Figs. 11a, d, and g ), although the two systems display qualitatively similar self-di↵usivity characteristics as a function of e↵ective density, significant quantitative di↵erences are also apparent. In particular, at low densities, the selfdi↵usivity in CNT [2.5] pores displays a more rapid decrease with increasing density than the corresponding self-di↵usivity in CO2[4.0] pores. As discussed earlier, at high temperature and low loading the fraction of the fluid in the layer adjacent to the solid interface ( 1 ) is much smaller in the CO2 system than in the CNT system. Therefore, the fluid in the CO2 system is not restricted to the layer adjacent to the surface, and hence the fluid is less frustrated and displays higher mobility than in the CNT system. However, as the temperature is decreased, the fluid in the CO2 system is increasingly restricted to the layer adjacent to the solid. Therefore, the fluid structure in the CO2 and CNT systems at low loading becomes more similar as temperature is decreased. We therefore expect the di↵erence in self-di↵usivity to diminish as temperature is decreased. Inspection of Fig. 11 shows that this is indeed the case. Specifically, the self-di↵usivity in the two systems at k B T /✏ = 0.73 (Figs. 11b, d , and f) and low loading is nearly identical.
For the larger two pore sizes (R/ ⇡ 6.0 and 8.0) shown in Fig. 11 , the behavior of argon self-di↵usivity in the two adsorbents is similar. In particular, at k B T /✏ = 1.5, the selfdi↵usivities in the two systems are nearly identical at high loading. At lower temperatures, the di↵usivity characteristics are at least qualitatively similar. This is somewhat suprising given that the density profiles ( Fig. 8 and Supporting Information Fig. S-5 ) are so di↵erent. Rather than trying to fit the weakly attractive CO2 [4.0] system into the same framework as the strongly attractive CNT system, our results hint at another useful framework. As discussed earlier, the density profiles in CO2 [4.0] pores are in many ways more similar to those of hard spheres in hard-wall pores than to those in a strongly attractive pores. Recent work has shown that the relationship between self-di↵usivity and thermodynamic measures is the same for bulk hard-sphere fluids and hard-sphere fluids in hard-wall confinement.
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Such "scaling" relationships provide a means to predict the dynamic properties of confined fluids from knowledge of the bulk thermodynamic-dynamic relationship and confined fluid thermodynamics. While several thermodynamic measures have been shown to give such a scaling relationship, the simplest is the average pore density.
To test whether such a scaling relationship exists, we consider the self-di↵usivity as a function of the e↵ective pore density ⇢ E , defined in Section 2.5. Figure 13a shows that for the CO2[4.0] system, the self-di↵usivity of the adsorbed fluid is well described by the bulk argon fluid at the same e↵ective density. We observe (see Supporting Information Fig. S-11) deviations only at the highest investigated e↵ective densities, with these deviations depending on both pore size and, for the smallest pore size, temperature. Still, the vast majority of the data is well described by the bulk relationship.
Given that the bulk-fluid scaling relationship describes the self-di↵usivity in the CO2 system quite well, it is interesting to see whether the relationship also describes the selfdi↵usivity in the CNT system, shown in Figure 13b (see also Supporting Information Fig. S-12 ). Clearly, the bulk fluid fails to describe the argon self-di↵usivity in the CNT system.
Even at the supercritical temperature of k B T /✏ = 1.5, where repulsions become relatively more important, the scaling still breaks down at low loading where the film layer dominates.
The only regime where the bulk curve appears to describe the confined data is for large pores at high loading, in the pore filling regime where packing physics dictates the overall properties.
Therefore, while the properties in the weakly attractive CO2 system are consistent with the qualitative link between adsorptive regimes and di↵usivity regimes reported in Ref. 23 , they also display a much more useful, and quantitatively predictive, relationship between thermodynamics and self-di↵usivity. In particular, the relationship between self-di↵usivity and e↵ective density of fluid adsorbed into CO2 pores is the same as for the bulk fluid. This scaling relationship fails to describe the properties of fluid adsorbed into strongly attractive CNT pores. Thus, for strongly attractive systems which display film and multilayer formation, one can turn to the qualitative framework of Ref. 23 to describe self-di↵usivity, but for weakly attractive systems, one can turn to more quantitative scaling relationships based on bulk-fluid properties.
Conclusions
We have investigated how fluid-fluid interaction range, and fluid-solid interaction strength impact the previously reported 23 connection between thermodynamics and self-di↵usivity in adsorptive systems, which found that distinct filling regimes (film formation, multilayer formation, and pore filling) correspond to distinct di↵usivity regimes (DR1, DR2, and DR3).
We find that increasing the fluid-fluid interaction range leads to small changes to properties in the multilayer-formation regime, but has little e↵ect on the film-formation and pore filling regimes. In the multilayer-formation regime, increasing fluid-fluid interaction range leads to more well defined fluid layers, and a corresponding decrease in self-di↵usivity. However, we find that the the increasing fluid-fluid interaction range has no e↵ect on the qualitative relationship between filling regimes and di↵usivity regimes of Ref. 23 On the other hand, we find that weakly attractive pores exhibit fundamentally di↵erent behavior compared to strongly attractive pores. In particular, weakly attractive pores do not display film or multilayer formation. In fact, the fluid structure in weakly attractive pores is in many ways more similar to hard spheres in hard-wall pores than a simple fluid in strongly attractive pores. While the properties in weakly attractive pores are consistent with the framework of Ref. 23 , the similarity of this system to hard-spheres in hard-walls suggests a more useful framework to describe dynamics in terms of thermodynamic measures.
Specifically, the self-di↵usivity in weakly attractive pores has the same scaling-relationship with e↵ective density as the bulk fluid.
These results suggest that the relationship between adsorption thermodynamics and inpore self-di↵usion exists as a spectrum between strongly attractive and weakly attractive systems. On one hand, the dynamic properties of fluids in strongly attractive systems can be described, at least qualitatively, in the framework of Ref. Another open question is how the pore-averaged self-di↵usivity investigated here depends on spatially dependent dynamics. In particular, the observation that increasing fluid-fluid interaction range leads to enhanced layering and decreased self-di↵usivity suggests that poreaveraged dynamics are related to individual layer dynamics. It is our hope that a detailed understanding of positional dependent dynamics will lead to a quantitative link between fluid structure and dynamics. 
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